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 Abstract  : On September 15, 1998, an earthquake with M5.0 occurred at 12 km depth 
beneath Sendai City, northeastern Japan, and caused slight damages in the city. The 
epicenter of this earthquake was located about 10 km to the northwest of the Nagamachi-
Rifu fault, an active fault running through the middle of the urban area of  Sendai City in 
the NE-SW direction. By using reflected S-waves observed in seismograms of the after-
shocks, distinct S-wave reflectors (bright spots) were located beneath the focal area of this 
 earthquake. A seismic reflection/refraction experiment was conducted around the 
Nagamachi-Rifu fault in June, 2001. We observed 15 chemical explosions and  VIBRO-
SEIS signals by a crisscross seismic array composed by 368 off-line data recorders deployed 
on the hanging wall side of the fault. Predominant reflection events were observed at about 
5 sec in two-way travel-time on some shot gather record sections. They correspond to the 
reflection from the deep structure of the Nagamachi-Rifu fault. Moreover, reflection 
events were also observed at about 6-7 sec in two-way travel-time, which were probably 
caused by the reflections from the S-wave reflectors (bright spots).
1. Introduction
   Seismic reflection/refraction experiments around the Nagamachi-Rifu fault, north-
eastern Japan, were conducted as a part of a comprehensive joint research project 
"Modeling of Deep Slip Processes in Seismogenic Inland Faults". The purpose of the 
experiments is to reveal deep structures of the fault, such as the geometry of the fault
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in the seismogenic upper crust, its deeper extension in the lower crust, and seismic-wave 
reflectors (bright spots) around it (Hasegawa et  al., 2001a). Such information is neces-
sary for modeling the deep slip processes in seismogenic inland fault system. As is the 
case for the vast majority of active faults, however, very little information is available 
regarding the deep structure of the Nagamachi-Rifu fault. The Nagamachi-Rifu fault 
is an active fault zone of reverse fault type, which runs the middle of the urban area of 
Sendai City in the NE-SW direction. The fault is about 15 km long, and its slip rate is 
estimated to be 0.6-1.0 m/ka (Active Fault Research Group, 1991). It is inferred that the 
most recent activity of this fault was 3000-2500 years ago (Otsuki, 1999). 
   An M5.0 earthquake of reverse-fault type occurred beneath the Ayashi area of 
Sendai City on September 15, 1998, and it caused slight damage to houses and roads in 
the city. The hypocenter of the earthquake was located at a depth of about 12 km, about 
10 km to the northwest of the surface trace of the Nagamachi-Rifu fault (see Fig. 1). 
Focal mechanism of the M5.0 event determined by P-wave polarity data is a reverse 
fault type with a nearly  horizontal P-axis in the NW-SE direction. Umino et  al. (1999) 
relocated hypocenters of the main shock and aftershocks by the homogeneous station 
method (Ansel and Smith, 1975). They are shown by a star and small open circles in Fig. 
1. Most of aftershocks were distributed on a 3 km x 3 km plane dipping about 30 degree 
to the northwest. The hypocenter of the main shock was located at the  lower edge of 
the focal area. From the relationship between the distribution of hypocenters, the focal 
mechanism of the main shock and the location of the surface trace of the Nagamachi-
Rifu fault, the M5.0 earthquake is interpreted to have ruptured the deepest portion of the 
fault (Umino et  al., 1999). 
   Recent activity of microearthquakes around the Nagamachi-Rifu fault has been 
studied by temporary seismic observations (Yoshimoto et  al., 2000) and by Tohoku 
University seismic network data (Hasegawa et  al., 2001b). The results show that 
microearthquake activity for the last 20 years or so concentrates in the hanging wall side 
of the Nagamachi-Rifu fault. 
   A number of prominent reflected S-waves (SxS phases) were observed in seismo-
grams of foreshocks and aftershocks of the 1998 M5.0 earthquake at many stations 
surrounding its focal area  (Hori et  al., 1999). They have similar features to those of the 
SxS phases widely detected in the midcrust of northeastern Japan (Hasegawa et  al., 1991, 
2000). Based on the analysis of SxS phases, several S-wave reflectors (bright spots) are 
located around the deep extension of the Nagamachi-Rifu fault and in the lower crust 
directly below it. The locations of these reflectors are shown by short straight lines in 
Fig. 1(b). Moreover, another predominant reflector is located below the fault plane of the 
M 5.0 event at depths of 15-22 km by using the arrival time differences at several nearby 
stations. It has an area of about 10  km  x 10 km dipping to the north-northwest direction 
at about 25 degree. The reflector surface is shown by iso-depth contours of thin solid 
lines in Fig. 1(a), and by a thick gray line in Fig. 1(b). Recently, predominant reflected 
P-waves (PxP phases) have been also observed in seismograms of the aftershocks of the 
1998 M  5.0 earthquake (Umino et  al., 2001). They revealed that these PxP phases are of
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Fig. 1. Estimated S-wave reflectors beneath the focal area of 1998  M5.0 
   earthquake. (a) Depth distribution of a planar S-wave reflector and 
   reflection points. Depth of the reflector is shown by contours. Circles 
   and triangles show reflection points with positive and negative residuals 
   of SxS-S, respectively. (b) Vertical cross section of the planar S-wave 
   reflector and other reflectors along line C-D in (a). Thick gray line 
   shows the planar S-wave reflector. Thin solid and broken lines show 
   other reflectors. Surface trace of the Nagamachi-Rifu fault is shown by 
   a thick line. Thick arrows show the fault motion of the main shock.
the same origins as was previously pointed out by  Hori et al., (1999). 
   In the 2001 seismic reflection/refraction experiments around the Nagamachi-Rifu 
fault, we installed a crisscross seismic array composed of off-line data recorders in order
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to investigate the deep structure of the Nagamachi-Rifu fault and its relation with the 
fault plane of the 1998  M5.0 earthquake and the bright reflective layers.
2. Field observations 
   The seismic reflection/refraction experiments were carried out in June, 2001. Two 
reflection profiling receiver arrays form the backbone of the present seismic expeditions. 
One of the profiles, Line A, the 22-km-long NW-SE profile, is perpendicular to the 
surface trace of the Nagamachi-Rifu fault, and the other, Line B, the 16-km-long NE-
SW profile, is parallel to the fault (Fig. 2). These two profiles are located on the hanging 
wall side of the Nagamachi-Rifu fault, and the Line B runs through the focal area of the 
1998 M5.0 event. Five small-aperture seismic arrays,  A1-A4 and  Y1 in Fig. 2, were 
installed by the National Institute of Advanced Industrial Science and Technology, 
AIST. Five seismic arrays, 51-55 in Fig. 2, were installed in the southwestern part of 
the study area by Tohoku University. They are L-shaped seismic arrays by using DAT 
recorders. Similar L-shaped seismic arrays were installed in the Ou Backbone Range, 
northeastern Japan, and detected seismic scatterers and reflectors (Okada and Seismic 
Array Observation Group,  1998  ; Asano et  al., 1999). They consisted of 20 stations with 
a station spacing of 50 m. Details of the seismic reflection/refraction experiments were 
reported in Hasegawa et  al. (2001a) and Ikawa et  al. (2001). 
   Four vibrators were used for seismic wave sources. Vibration points were spaced 
200 m apart on average for a total of 174 vibration points along the reflection profiling 
Line A and Line B. In addition to the vibrators, 70-130 kg chemical explosions were








Fig. 2. Map showing locations of 2 reflection profiles, seismic arrays and 15 
   chemical explosions. Broken lines show the 22-km-long and 16-km-long 
   reflection profiles (Line A and Line B). Bold lines with numerals 10-70 
   show the locations of crisscross seismic array with off-line data 
   recorders. Bold lines with numerals 51-55 show the locations of L-shaped 
   seismic arrays operated by Tohoku University. Open and solid dia-
   monds show the locations of seismic arrays operated by GSI,  A1ST. 
   Stars show the  locations of 15 chemical explosions.  Nag_  amachi-Rifu 
   fault is indicated by thin curves.
detonated at 15 locations (SP1-15 in  Fig.  2). Eight of them were placed along the 
reflection profiling Line A and Line B and their extensions. Others except SP15 were set 
up in the hanging wall side of the fault. In the previous seismic refraction surveys, shot 
points were usually aligned with the profiling line (e.g., Research Group for Explosion 
Seismology, 1999a, 1999b, 1999c). In the present experiment, the locations of the chemi-
cal explosions were arranged in a 2D horizontal array in order to reveal the spatial 
extents of deep structure of the Nagamachi-Rifu fault and S-wave reflectors in the lower 
crust. 
   Drilling and chemical explosions were carried out by Japex Geoscience Institute Inc. 
 (JGI). Charges were set at the bottom of the drilled holes of 14 cm diameter and 30 m
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Fig. 3. Detailed map showing locations of stations for the crisscross seismic 
   array. The locations of stations are indicated with 4-digit numbers, and 
   are listed in Table 2.
depth, each encased with a steel pipe of 10 cm inner diameter. The height of the charge 
of 100 kg was about 10 m, so that the depth to the top of the charge was about 20 m. 
Surface P-wave velocities were determined from arrival times of P-wave recorded on 3 
seismographs located very close to the drilled hole with a receiver spacing of 50 m. The 
result is listed in Table 1 together with shot time, location and weight of charge (data 
supplied by JGI). 
   We carried out a large seismic array observation to record these 15 shots (Research 
Group for Deep Structure of Nagamachi-Rifu Fault,  2001  ; Nakamura and Research 
Group for Deep Structure of Nagamachi-Rifu Fault, 2001). A large crisscross seismic 
array, composed of 368 stations with a station spacing of 50 m, was installed in the
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northern part of the study area (10-70 in Fig. 2). Geophones for the seismic array were 
three-component or vertical-component sensors of 2 Hz (L22-D or L28-B [Mark Prod-
ucts Inc.]) or 4.5 Hz (L15-B [Mark Products Inc.]). Off-line data recorders (DAT 
recorder [Clovertech Co.], LS8000 logger or LS7000 logger [Hakusan Co.]) recorded 
seismic signals from the vibrators or chemical explosions at a sampling rate of 100 Hz 
with 16 bit or 22 bit A/D conversion. The DAT recorders and LS7000 loggers, having an 
ability of long-term continuous recording, recorded seismic signals from 15 chemical 
shots, VIBROSEIS signals and natural earthquakes. On the other hand, the LS8000 
loggers worked with a event trigger system, and only recorded signals from 15 chemical 
shots. Locations and specifications of the seismic stations are listed in Table 2. Detailed 
feature of the crisscross seismic array is shown in Fig. 3. Locations of seismic stations 
were measured by portable Differential GPS surveys. Four crews of 8 members spent 
3 days for measuring the locations of all the seismic stations by DGPS.
3. Seismic record sections 
   Shot gather record sections obtained by vertical-component seismometers for 15 
chemical explosions, SP1-15 (Fig. 1), are shown in Fig. 4 for Line 1, and in Fig. 5 for Line 
2, respectively. These waveform data are processed with a band-pass filter of 6 to 24 
Hz and a 2.0-sec trailing automatic gain control correction. Discontinuity of the shot 
gather record section for Line 2 (Fig. 5) is due to a station gap of about 3 km between 
station 1090 and station 2001 (see Fig. 3). 
   Several predominant reflection events are observed on  these shot gather record 
sections. Reflection events at about 5-6 sec in two-way travel-time are recognized, 
which are shown in Figs. 4 and 5 by solid triangles. These events correspond to the 
depth of the fault plane of the 1998 M5.0 earthquake (Nakamura and Research Group for 
Deep Structure of Nagamachi-Rifu Fault, 2001). Reflection events at about 6-7 sec in 
two-way travel-time are recognized, and are shown in Figs. 4 and 5 by solid circles. 
These events correspond to the depth of the S-wave reflector in the lower crust  (Hori et 
 al., 1999). Reflection events at about 3-5 sec and about 8 sec in two-way travel-time are 
recognized, and are shown in Figs. 4 and 5 by open triangles and circles, respectively. 
Moreover, reflection events at about 10 sec in two-way travel-time are sometimes 
recognized. They correspond to the depth of the Moho discontinuity (Hasegawa et  al., 
2001a). It is hoped that future precise analyses of those records will clarify the deep 
structure of the Nagamachi-Rifu fault and the structure of the S-wave reflecting 
surfaces (bright spots).
4. Conclusion 
   Seismic experiments were carried out for the purpose of clarifying the deep struc-
ture of the  Nagamachi-Rifu fault. Well-developed late Cenozoic calderas are distribut-
ed in the major part of the study area (Yoshida, 2001), and the geological structure is
318 RESEARCH GROUP FOR DEEP STRUCTURE OF  NAGAMACHI-RIFU FAULT
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expected to be somewhat complicated. However, several distinct reflection events were 
clearly observed in the shot gather seismic record sections, and were interpreted as 
reflected waves from the deep structure of the Nagamachi-Rifu fault. The present 
seismic expedition with 368 off-line recorders is one of the largest seismic experiments 
ever carried out in Japan. Collaboration with the two reflection profiling receiver arrays 
(Line A and Line B) and other small seismic arrays will provide more important informa-
tion on the deep structure in the study area.
 Acknowledgments  : This research was conducted as a part of comprehensive joint 
research project "Modeling of Deep Slip Processes in Seismogenic Inland Faults" suppor-
ted by Special Coordination Funds for Promoting Science and Technology. We thank 
the organizations and individuals of Miyagi Prefecture and Sendai City for their coopera-
tion in this project, and all the members who participated in the field works and data 
processing. We are very grateful to the staff of  Japex Geoscience Institute, Inc. for 
giving data of surface P-wave velocities. The comments by an anonymous reviewer 
greatly improved the manuscript.
References
Active Fault Research Group, 1991 : Active Faults in Japan : sheet maps and inventories (Revised 
      edition) (in Japanese), 437 pp, University of Tokyo Press, Tokyo. 
Ansel, J.H. and E.G.C. Smith,  1975  : Detailed structure of a mantle seismic zone using homogeneous 
       station method, Nature, 253, 518-520. 
Asano, Y., N. Umino, A. Nakamura, T. Okada, S. Hori, T. Kono, K. Nida, T. Sato, A. Hasegawa, M. 
      Kosuga and A. Hasemi,  1999  : Spatial distribution of seismic scatterers beneath the Ou
       Backbone range, northeastern Japan, estimated by seismic array observation (in Japanese),
 J.  Seismal. Soc. Jpn., 52, 379-394. 
Hasegawa, A., D. Zhao, S.  Hod, A. Yamamoto and S. Horiuchi,  1991  : Deep structure of the north-
      eastern Japan arc and its relationship to seismic and volcanic activity, Nature, 352, 683-689. 
Hasegawa, A., A. Yamamoto, N. Umino, S. Miura, S.  Horiuchi, D. Zhao and H. Sato,  2000  : Seismic 
      activity and deformation process of the crust within the overriding plate in the northeastern 
       Japan subduction zone, Tectonophysics, 319, 225-239. 
Hasegawa, A., H. Ito, T. Iwasaki and T. Ikawa,  2001a  : Deep structure of Nagamachi-Rifu fault as 
      inferred from seismic expeditions, Proceedings of International Symposium on  Slip and
      Flow in and below the  Seismogenic Region, Sendai, Nov. 5-7, 2001, 9. 
Hasegawa, A., N. Umino and S. Hori,  2001b  : Seismic activity and  inhomogeneous structure of the 
      crust around the Nagamachi-Rifu fault (in Japanese),  Gekkan Chikyu, 23, 313-320. 
Hori, S., N. Umino, Y. Asano and A. Hasegawa,  1999  : S-wave  reflectors in the crust of northeast-
      ern Japan (in Japanese), Programme and Abstracts of the Seismological Society of Japan, 
      2001 Fall Meeting, P140. 
Ikawa, T., T. Kawanaka, S. Kawasaki, A. Hasegawa, N. Umino, A. Nakamura and H. Ito,  2001  : 
      Seismic reflection survey of the deep structure of Nagamachi-Rifu fault, Northeastern 
      Japan, Proceedings of International Symposium on  Slip and Flow in and below the 
       Seismogenic Region, Sendai, Nov. 5-7, 2001, 44. 
Nakamura, A. and Research Group for Deep Structure of Nagamachi-Rifu Fault,  2001  : Estimation 
      of deep fault geometry of Nagamachi-Rifu fault from seismic array observations, Proceed-
      ings of International Symposium on  Slip and Flow in and below the Seismogenic Region, 
       Sendai, Nov. 5-7, 2001, 45. 
Okada, T. and Seismic Array Observation Group by using DAT Recorders,  1998  : Seismic array 
      observation by using DAT recorders (in Japanese), Programme and Abstracts of the
356 RESEARCH GROUP FOR DEEP STRUCTURE OF  NAGAMACHI-RIFU FAULT
      Seismological Society of Japan, 1998 Fall  Meeting, P167. 
Otsuki, K.,  1999: Fundamental characteristics of Nagamachi-Rifu fault zone (in Japanese), Pro-
      gramme and Abstracts of the Seismological Society of Japan, 1999 Fall Meeting, A89.
Research Group for Deep Structure of Nagamachi-Rifu Fault,  2001  : Estimation of deep structure 
      of Nagamachi-Rifu  fault—Reflection from detachment fault ?—(in Japanese), Programme 
      and Abstracts of the Seismological Society of Japan, 2001 Fall Meeting, C32. 
Research Group for Explosion Seismology,  1999a  : Seismic refraction/wide-angle experiment 
      across the northern Honshu arc (in Japanese), Bull. Earthq. Res.  Inst., 74, 63-122.
Research Group for Explosion Seismology,  1999b  : Explosion seismic observations in eastern 
      Kyushu, Japan, I, Shonai-Kushima profile (in Japanese), Bull. Earthq. Res. Inst., 74, 123-140. 
Research Group for Explosion Seismology,  1999c  : Explosion seismic observations in eastern 
      Kyushu, Japan,  II, Ajimu-Tano profile (in Japanese), Bull. Earthq. Res. Inst., 74, 141-160. 
Umino, N., T. Okada, T. Matsuzawa, S. Hori, T. Kono, K.  Nida, A. Hasegawa and N. Nishide, 
 1999  : On M5.0 earthquake that occurred at the deepest portion of Nagamachi-Rifu Fault 
      on September 15, 1998 (in Japanese).  Gekkan  Chikyu Gougai 27, 148-154. 
Umino, N., H. Ujikawa, S.  Hori and A. Hasegawa,  2001  : Distinct S-wave reflectors (bright spots) 
      detected beneath Nagamachi-Rifu fault, Proceedings of International Symposium on Slip 
      and Flow in and below the Seismogenic Region, Sendai, Nov. 5-7, 2001, 47. 
Yoshida, T.,  2001  : The evolution of arc magmatism in the NE Honshu arc, Japan, Tohoku Geophys. 
 J., 36, 131-149. 
Yoshimoto, K., N. Uchida, H. Sato, M. Ohtake, N. Hirata and K. Obara,  2000: Microseismicity 
      around the Nagamachi-Rifu fault, Miyagi Prefecture, northeastern Japan (in Japanese), J. 
       Seismol. Soc.  An., 52, 407-416.
